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POLYMER CONCRETE AND METHOD 

FOR PREPARATION THEREOF 

Field of Invention 

The present invention pertains to the field of polymer concrete. More specifically 
a polymer resin is mixed with an aggregate and cured to form durable high strength 
structures that resist chemical attack. Still more specifically, the polymer concrete is 
formed using a polyurethane resin including vegetable oil-based polyol and an isocyanate. 

Bacicground of The Invention 
Concrete is used for a variety of different purposes, such as road and building 
construction. It is especially common for buildings that are used for industrial purposes to 
have concrete flooring. Unfortunately, concrete made from conventional lime-containing 
cement is not well suited for use in structures that are exposed to high acidity, chemical 
leaching attack, or other harsh conditions. For example, in milk pasteurization plants, 
swimming pools, and other environments where acidic chemicals are present, the concrete 
made from conventional lime-containing cement degrades rapidly under conditions of 
normal use. Conventional concretes also suffer the problem of having long curing times. 
Conventional curing accelerators, such as calcium additives, often have the effect of 
reducing structural strength in the cured concrete. Various attempts have been made to 
provide concrete additives, such as polymers, that impart resistance to chemical attack and 
accelerate the time to cure. 
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Concretes incorporating polymeric additives, such as latex, vinyl esters, and 
polyester polymers, are known. For example, U.S. patent 5,576,378 describes a cement 
additive that may be mixed with lime mortar to comprise from 70 to 99 parts by weight of 
the cement-polymer mixture. The additive includes mono-unsaturated aromatic 
monomers, aliphatic conjugated diene monomers, esters of (meth)acrylic acid monomers, 
and monoethylenically unsaturated carboxylic acid monomers including the anhydride 
esters, amides, and imides thereof. 

U.S. patent 4,777,208 describes the use of a polyester amide resin that may be 

mixed with an aggregate to form a polymer concrete which does not contain conventional 

lime mortar. The polyester amide variety of polymer concrete has not achieved 

widespread commercial use, in part, because of poor strength-to-cost performance. 

Additional strength may be obtained by adding additional resin, but the resin is the most 

expensive part of the admixture. The cost/performance analysis often results in another 

option meeting the performance design criteria more economically. 

Polyurethanes are polyester amides, and conventional textbook reaction chemistry 

for producing polyurethanes involves reacting a polyol with an isocyanate, especially a 

dihydroxy alcohol with a diisocyanate. Polyurethane resin formulations have different 

contents corresponding to whether the polymerized composition is intended to be a fiber, a 

coating for concrete or the like, an elastomer, or a foam. For example, in foaming 

applications, a polyether, such as propylene glycol, may be treated with a diisocyanate in 

the presence of water and a catalyst, e.g., an amine or a tin compound. The water reacts 
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with the isocyanate groups to provide crosslinking and also evolves carbon dioxide gas 
resulting in a foamed polymer. 

Due to the cost/performance considerations mentioned above, polyurethanes are 
more conmionly accepted for use as flooring sealants than as additives to concrete. A 
typical sealant may be formed, for example, by reacting a mixture of toluene and 4,4'- 
diphenyl-methane diisocyanates with a polyol. It is particularly problematic that, upon 
curing, these polymers generate potentially hazardous volatile organic compounds (VOCs) 
or vapor pollutants. Both the polyol and the diisocyanate contribute to the vapor pollution 
problem. 

U.S. patent 6,107,433, which is hereby incorporated by reference to the same 
extent as though fully replicated herein, describes advancements in the art of polyurethane 
chemistry through the use vegetable oil-based polyols. The materials are less hamful to 
the environment than prior polyols in use, and they originate from renewable plant 
resources, such as soybean plants and the hke. Vegetable oil-based polyols are formed by 
reacting a peroxyacid with vegetable oil to form an epoxy group. The epoxidized 
vegetable oil is added to a mixture of alcohol, water, and a catalytic amount of fluoboric 
acid to yield a vegetable oil-based polyol. 

The polyol is optionally reacted with an isocyanate to yield a polyurethane. . In 

forming the polyurethane, the isocyanate reacts with the hydroxyl groups of the vegetable 

oil-based polyol. The vegetable oil-based polyol and the isocyanate are combined in 

approximately stoichiometric quantities. It is acceptable to use up to about 10% in excess 
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of the stoichiometric quantity of either of these components. A filler, such as silica, 

alumina, calcium carbonate, dolomite, silicates, glass, ceramics, clay, and talc may be 

added to the reaction mixture in amounts ranging from about 1% to 200% by weight of the 

vegetable oil-based polyol to form cast electroinsulators. Large amounts of filler are 

recommended, in order to enhance the electroinsulating properties of the cast resin. The 

vegetable oil-based polyurethanes have not heretofore been considered for use in polymer 

concretes. 

It remains a problem in the art that there are no methods and materials available for 
forming polymer concretes, and particularly polyurethane concretes, from naturally 
occurring and renewable materials. It is a further problem that existing polyester amide 
concretes are not widely used due, at least in part, to poor cost performance. 

Summary of The Invention 

The present invention overcomes the problems outUned above by providing 

polyurethane concretes that incorporate polyols derived from naturally occurring and 

renewable sources. These polyols have a higher hydroxyl number than the conventional 

triols used in forming polyurethanes. The additional hydroxyl moieties result in the cured 

resin having improved structural properties, which can be further improved by the addition 

of a crosslinker, such as a low molecular weight polyol. In combination, these factors 

provide improved cost/performance of the resins in polymer concrete applications, such 

that low-cost polyurethane concretes can now be practically used on a widespread basis 

with fewer deleterious environmental effects than would occur from other polymer resins. 
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The polymer concrete is normally formed as a composition comprising a cured 
polyurethane resin bonded to an aggregate composition. The cured polyurethane resin is 
formed as a reaction product from a reaction mixture including at least one vegetable oil- 
based polyol, and at least one isocyanate having at least two isocyanate moieties per 
molecule. The cured polyurethane resin is preferably present in an amount ranging from 
10% to 30% by vv'eight of the polymer concrete composition. 

The physical qualities of the vegetable oil-based polyol used to form the resin 
varies depending upon the plant source from which the polyol is derived and the degree of 
hydroxylation that is imparted to the vegetable oil via unsaturation. The process of 
hydroxylation is preferably as taught in U.S. 6,107,433, which entails reacting the 
vegetable oil with a peroxyacid to form an epoxy group followed by addition of the 
epoxidized vegetable oil to a mixture of alcohol, water, and a catalytic amount of 
fluoboric acid. It is preferred to have a polyol with sufficient unsaturation by these 
processes to impart on average three or more hydroxyl moieties per polyol molecule. A 
more preferred level of hydroxylation results in a ratio of 3.9 or even four hydroxyl groups 
per polyol molecule in an essentially unsaturated soy-based polyol. Other suitable 
vegetable oil-based polyols, for example, comprise unsaturated derivatives of vegetable 
oils selected from the group consisting of safflower oil, linseed oil, com oil, sunflower oil, 
canola oil, cottonseed oil, rapeseed oil, tung oil, peanut oil, and mixtures thereof. 

The hydroxyl number, or OH number, of the vegetable oil-based polyol is a good 

basis for comparing the potential usefulness of various vegetable oil-based polyols for the 
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purposes described herein. The hydroxy! number is determined according to conventional 

practices involving titration with potassium hydroxide and expressed as milligrams of 

KOH per gram of polyol. Preferred polyols, and especially preferred soy polyols, have 

characteristic hydroxyl number ranging from 180 to 260, an epoxy number ranging from 

5 0.02% to 0.03%, and a viscosity less than 15 pascal-seconds. The hydroxyl number may 

be supplemented by addition of low molecular weight polyols, especially low percentages 

of polyols derived from naturally occurring renewable sources, to raise the hydroxyl 

number above that which is obtainable from the vegetable oil-based polyol alone. 

Naturally occurring low molecular weight polyols, such as glycerine, are optionally and 

10 preferably used for this purpose. The low molecular weight polyols generally provide 
improved structural performance by acting as crossUnking agents. Without the low 
molecular weight polyols, the vegetable oil-based polyol most preferably has a hydroxyl 
number ranging from 205 to 210. 

The isocyanate in the admixture used to form the polymer concrete is prgferably a 

15 diisocyanate, though other polyisocyanates are useful. The isocyanate in the admixture 
preferably comprises a stoichiometric excess amount of the isocyanate moieties in 
comparison to hydroxyl moieties in the vegetable oil-based polyol. The ratio of 
isocyanate moieties in the isocyanate to hydroxyl moieties in the vegetable oil-based 
polyol preferably ranges from 1.02 to 1.15, more preferably from 1.05 to 1.10, and is most 

20 preferably 1,05. 
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The aggregate composition is generally a material that costs less than the 
polyurethane resin and which is capable of being bound in place by the cured 
polyurethane resin. It is generally contemplated that the aggregate composition will be 
mineral, ceramic or glass. Preferred materials include fly ash, hme, sand, pea gravel, 
5 crushed rock, and mixtures thereof in any combination. Other aggregates may optionally 
include such materials as metal fines, glass fibers, synthetic fibers, glass reinforcing mats, 
glass strands, glass filaments, metal fibers, mineral powders, and mixtures thereof in any 
combination. For example, an aggregate may be formed of 10% sand and 15% fly ash. 

Pea gravel is a particularly preferred aggregate constituent due to its relatively low 

a 

J 10 cost. Structural properties of the polymer concrete composition are generally enhanced 

■''[is 

when pea gravel comprises 25% or less of by weight of the aggregate composition. On 
fk the other hand, sufficient structural strength may be found in mixtures having higher 

yj percentages of pea gravel, and hence lower costs, in amounts equal to or exceeding 25%. 

£3 

50% or even 75% by weight of the aggregate composition. 

15 As indicated above, structural properties of the polymer concrete composition may 

be improved by adding a crosslinker, especially a low molecular weight polyol, such as 
glycerine which is a triol. By way of example, most structural properties of the polymer 
concrete are improved by the addition of glycerine in amounts ranging from 5 parts per 
hundred to 30 parts per hundred by weight of the vegetable oil-based polyol. For most 

20 vegetable oil-based polyols resins, the range for optimal structural improvement by the 

addition of glycerine normally lies from 15 parts per hundred to 25 parts per hundred by 
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weight of the vegetable oil-based polyol. It is often the case that costs can be minimized 

by the addition of smaller amounts of glycerine, such as amounts ranging from 1 part per 

hundred to 10 parts per hundred by weight of the vegetable oil-based polyol, to achieve 

sufficient structural improvements and meet design strength requirements. Structural 

5 performance of these polyurethane resins in concrete, however, is optimal at about 5 parts 

per hundred. 

A catalyst may be added to the reaction mixture optionally as needed in the 
intended environment of use. For example, the catalyst may be added in an amount 
effective for adjusting pot life of the reaction mixture to a predetermined value ranging 

10 between 10 minutes and 80 minutes at room temperature, or for adjusting gel time of the 
reaction mixture to a predetermined value ranging between 10 minutes and 70 minutes at 
room temperature. Organometallic catalysts, especially tin compounds may, for example, 
be present in an amount up to about 0.4 % of the reaction mixture by weight. 

The preferred amount of polyurethane resin is preferably a minimum amount that 

15 meets the design strength specifications. This amount will often be from 10% to 20% of 
the polymer concrete composition by weight. Sufficient strength may be found in many 
instances where the resin content ranges fromlO% to 15% of the polymer concrete 
composition by weight, though minimum amounts using less than about 15% may not 
fully coat all of the aggregate with resin. Resin contents from 15% to 20% are associated 

20 with increased strength that may not be required for all applications. 
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An especially preferred polymer concrete formulation that incorporates many of the 

forgoing concepts into one admixture might include, for example: 

(a) 80% to 90 % by weight of an aggregate composition; 

(b) 10% to 20% by weight of a polyurethane matrix prepared by contacting 

5 (i) a vegetable oil-based polyol having on average at least three hydroxyl groups per 

molecule, (ii) an isocyanate having on average at least two isocyanate groups per 
molecule, and (iii) 0 pph to 10 pph of a glycerine crosslinker based upon weight of 
the vegetable oil-based polyol; and 

(c) 0% to 0.4 % of a catalyst by weight of the vegetable oil-based polyol. 
10 Another such preferred composition might comprise: 

(a) 80% to 90 % by weight of the composition of an aggregate composition 
comprising a mixture of (i) sand and (ii) fly ash, silica, hme or mixtures 
thereof, wherein said aggregate composition contains fromlO% to 15% by 
weight of (ii); 

15 (b) 10% to 20% by weight of a polyurethane matrix prepared by contacting 

(iii) a soy-polyol, (iv) an isocyanate having at least two -NCO groups per 
molecule, and (v) from 5 pph to 10 pph by weight of the soy polyol of 
glycerin, wherein the ratio of equivalents of -NCO to equivalents of -OH is 
about 1.05 to about 1.10; and 

20 (c) about 0. 1% to about 0.4 % by weight of the soy polyol of a catalyst. 
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These ingredients are mixed according to a method preparing a polyurethane 

concrete from a vegetable oil-based polyol. The vegetable oil-based polyol is admixed 

with the isocyanate and aggregate compositions as described above. The resultant 

admixture may be exposed to vacuum to remove gas pockets for optimun strength 

5 mixtures. Alternatively, a small amount of water, e.g., up to 2% by volume of the resin, 

may be added to the reaction mixture to enhance the degree of contact between the resin 

and the aggregate by foaming of the polyurethane resin. 

The results shown herein facilitate a method of manufacturing a concrete structure. 

The method comprises the steps of receiving design criteria that set forth structural 

10 specifications of concrete to be used in the concrete structure, consulting a specifications 
for structural performance of soy-based polyurethane concrete based upon contents of the 
soy-based polyurethane concrete, selecting a composition of soy-based polyurethane 
concrete that meets the design criteria, constructing the structure with use of the 
composition. The design criteria may, for examples, be selected as any combination from 

15 the group consisting of cost, compressive strength, tensile strength, and flexural strength. 
Alternatively, the design criteria may be selected from the group consisting of density and 
abrasion resistance or other factors. The specifications, for example, may be selected as 
any combination from the group consisting of resin content, aggregate content, amount of 
crosslinker, and aggregate composition. Structures that may be produced according to this 

20 method may comprise, for example, pouring a floor in an industrial setting or an agro- 
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industrial setting, such as a dairy. Alternatively, structures may include, for example, 

swinmiing pools, housing, or transportation structures, such as a bridge or road repair 

Ob jects of the Invention 

Accordingly, an object of the present invention is to provide a polymer concrete 
that incorporates using a vegetable oil-based polyol. 

Additional objects and advantages of the invention will be set forth in the 
description that follows, and in part will be apparent from the description, or may be 
learned by practice of the invention. The objects and advantages of the invention may be 
realized and obtained by means of the instrumentalities and combinations pointed out in 
the appended claims. 

Brief Description of the Drawings 

Fig. 1 is a plot of glass transition temperature, Tg in degrees Celsius, for four cast 
polyurethane resins prepared from the four soy-polyols in Examples 1-5; 

Fig. 2 is a plot of flexural modulus in Mpa for the cast polyurethane resins 
prepared from the four soy-polyols in Examples 1-5; 

Fig. 3 is a plot of tensile strength in Mpafor the cast polyurethane resins prepared 
from the four soy-polyols in Examples 1-5; 

Fig. 4 is a plot of compressive strength in Mpa for the cast polyurethane resins 
prepared from the four soy-polyols in Examples 1-5; 

Fig. 5 is a plot of Shore D hardness for the cast polyurethane resins prepared from 
the four soy-polyols in Examples 1-5; 
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Fig. 6 is a plot of temperature versus gel time for a soy-based polyol polyurethane 

resin; 

Fig. 7 is a plot of catalyst content versus gel time for a soy-based polyol 
polyurethane resin; 

5 Fig. 8 is a bar graph of tensile, flexural, and compressive strength measurements in 

Mpa performed on a variety of soy-polyol polyurethane resins where the resin 

composition varies by the isocyano to hydroxyl ratio; 

M3 Fig. 9 is a bar graph of tensile, flexural, and compressive strength measurements in 

;U Mpa performed on a variety of soy-polyurethane concretes where the resin content of 

f |0 respective concrete samples varies from 15% to 30% by weight of the concrete; 

r ' Fig. 10 is a bar graph of tensile, flexural, and compressive strength measurements 

in in Mpa performed on a variety of soy-polyurethane concretes where the aggregate 

bl composition in the concrete samples varies in the amount of fine powder added from 0% 

1'^" to 30% by weight of the aggregate; 

15 Fig, 1 1 is a bar graph of tensile, flexural, and compressive strength measurements 

in Mpa performed on a variety of soy-polyurethane concretes where the aggregate 

composition in the concrete samples varies in the amount of pea gravel added from 0% to 

75% by weight of the aggregate; 

Fig. 12 is a bar graph of tensile, flexural, and compressive strength measurements 

20 in Mpa performed on a variety of soy-polyurethane concretes where the aggregate 

composition in the concrete samples varies in the type of sand added; 
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Fig. 13 is a bar graph of tensile, flexural, and compressive strength measurements 
in Mpa performed on a variety of soy-polyurethane concretes with pea gravel where the 
resin composition in the concrete samples varies in the amount of glycerine crosslinker 
added from 0 parts per hundred to 15 parts per hundred by weight of the resin in a cement 
5 where the aggregate did include pea gravel; 

Fig. 14 is a bar graph of tensile, flexural, and compressive strength measurements 
in Mpa performed on a variety of soy-polyurethane concretes with pea gravel where the 
resin composition in the concrete samples varies in the amount of glycerine crosslinker 
added from 0 parts per hundred to 25 parts per hundred by weight of the resin in a cement 
10 where the aggregate did not include pea gravel; 

Fig. 15 is a bar graph of tensile, flexural, and compressive strength measurements 
in Mpa performed on a variety of soy-polyurethane concretes that were cured at different 
times and temperatures; 

Fig. 16 is a bar graph gel time, pot life, and curing time measurements performed 
15 on a variety of soy-polyurethane concretes that contained different amounts of catalyst 
ranging from 0% to 0.5%; 

Fig. 17 is a bar graph of tensile, flexural, and compressive strength measurements 
in Mpa performed on a variety of soy-polyurethane concretes that contained different 
amounts of catalyst ranging from 0% to 0.4% that were cured for 24 hours; 
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Fig. 18 is a bar graph of tensile, flexural, and compressive strength measurements 
in Mpa performed on a variety of soy-polyurethane concretes that contained different 
amounts of catalyst ranging from 0% to 0.4% that were cured for one week; 

Fig. 19 is a bar graph of tensile, flexural, and compressive strength measurements 
in Mpa performed on a variety of soy-polyurethane concretes that contained different 
amounts of catalyst ranging from 0% to 0.3% that were cured for two weeks; 

Fig. 20 is a bar graph of tensile, flexural, and compressive strength measurements 
in Mpa performed on a variety of soy-polyurethane concretes that contained different 
amounts of catalyst ranging from 0% to 0.3% that were cured for one month; 

Fig. 21 is a bar graph of tensile, flexural, and compressive strength measurements 
in Mpa performed on a variety of soy-polyurethane concretes that contained different 
amounts of catalyst ranging from 0% to 0.3% that were cured for two months; 

Fig. 22 is a bar graph of tensile, flexural, and compressive strength measurements 
in Mpa performed on a variety of soy-polyurethane concretes that contained different 
amounts of catalyst ranging from 0% to 0.3% that were cured for three months; 

Fig. 23 is a bar graph of tensile, flexural, and compressive strength measurements 
in Mpa performed on a variety of soy-polyurethane concretes without catalyst that were 
cured at room temperature for different times ranging from 24 houre to 3 months; 

Fig. 24 is a bar graph of tensile, flexural, and compressive strength measurements 
in Mpa performed on a variety of soy-polyurethane concretes with 0.3% by weight of the 
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resin that were cured at room temperature for different times ranging from 24 hours to 3 

months; 

Fig. 25 is a bar graph comparing glass transition temperature, Tg in degrees 
Celsius, for a variety of polymer concretes; 
5 Fig. 26 is a bar graph comparing splitting tensile strength in Mpa for a variety of 

polymer concretes; 

Fig. 27 is a bar graph comparing compresive strength in Mpa for a variety of 
polymer concretes; 

Fig. 28 is a bar graph comparing flexural or bending strength in Mpa for a variety 
10 of polymer concretes; 

Fig. 29 is a bar graph comparing flexural modulus in Gpa for a variety of polymer 
concretes; 

Fig. 30 is a bar graph comparing abrasion resistance for a variety of polymer 
concretes; 

15 Fig. 31 is a bar graph of tensile, flexural, and compressive strength measurements 

in Mpa performed on soy-polyurethane concrete samples that were boiled in water versus 
those which were not boiled as an indicator of hydrolytic stability; 

Fig. 32 is a bar graph comparing density in kg/m^ for a variety of polymer 
concretes; 
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Fig. 33 is a bar graph of splitting tensile strength measurements in Mpa performed 

to compare the performance of various soy-polyurethane concrete samples in contrast to 

conventional high strength concrete having lime cement; 

Fig. 34 is a bar graph of flexural strength measurements in Mpa performed to 

5 compare the performance of various soy-polyurethane concrete samples in contrast to 

conventional high strength concrete having Ume cement; 

Fig. 35 is a bar graph of compressive strength measurements in Mpa performed to 

compare the performance of various soy-polyurethane concrete samples in contrast to 

conventional high strength concrete having lime cement; and 

10 Fig. 36 is a bar graph of abrasion resistance measurements in Mpa performed to 

compare the performance of various soy-polyurethane concrete samples in contrast to 

conventional high strength concrete having lime cement. 

Detailed Description of The Preferred Embodiments 

The following detailed description is intended to demonstrate preferred materials 

15 and practices for use in practicing various instrumentalities of the vegetable oil-based 

polyurethane polymer concretes and associated methodology. As such, it should be 

understood that the following discussion teaches by way of example, and not by 

limitation. 

There is now shown a polymer concrete that is formed as a cured polyurethane 

20 resin bonded to an aggregate composition. The cured polyurethane resin is a reaction 

product from a reaction mixture including at least one vegetable oil-based polyol, and at 
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least one isocyanate having at least two isocyanate moieties per molecule. The 

polyurethane resin cures or hardens by way of a chemical reaction in which the isocyanate 

reacts with the hydroxy! groups of the vegetable oil-based polyol. The cured polyurethane 

resin is preferably present in an amount ranging from 10% to 30% by weight of the 

5 polymer concrete composition. The balance of the polymer concrete composition is 

preferably an aggregate mixture, and small amounts of other ingredients such as pigments, 

drying agents, water, and reaction catalysts may optionally be added for various purposes, 

as explained below. 

Preferred methods and materials for use according to the instrumentalities 

10 described herein include, for example, the methods and materials for making vegetable 
oil-based polyurethanes that are described in U.S. 6,107,433. As indicated above, 
vegetable oil-based polyols are formed by reacting a vegetable oil with a peroxyacid to 
form an epoxy group followed by addition of the epoxidized vegetable oil to a mixture of 
alcohol, water, and a catalytic amount of fluoboric acid. It is presently preferred to have a 

15 polyol with sufficient unsaturation by these processes to impart on average three or more 
hydroxyl moieties per polyol molecule. A more preferred level of hydroxylation results in 
a ratio of 3.9 or even four hydroxyl groups per polyol molecule in an essentially 
unsaturated soy-based polyol. 

Higher levels of unsaturation increase the viscosity of the polyol. Higher 

20 viscosities are generally associated with increasingly undesirable mixing properties, 

undesirable. The hydroxyl number of the polyol may be adjusted so that the preferred 
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initial viscosity of a mixture including the polyol component and the isocyanate 

component ranges from 6,000 MPas to 10,000 MPas (CT). The viscosity may be reduced 

or thinned as needed to achieve uniform mixing of the resin with the aggregate by the 

addition of a low molecular weight polyol, such as glycerine, which also advantageously 

5 acts as a crosslinker and increases the overall hydroxyl number of the polyol The 

crosslinker is preferably glycerin added in an amount equal to at least about 5 pph by 

weight of the polyol because this small amount of glycerine results in significant structural 

property improvements. Other crosslinkers may be used as long as suitable properties are 

achieved, including suitable glass transition temperature (Tg), flexular strength, tensile 

X 3 10 strength, and hardness. The polyol mixture including the optional crosslinker is reacted 

7" with a polyisocyanate in the presence of an optional catalyst to form a polyurethane. 

P3 In addition to the subject matter disclosed in U.S. 6,107,433, the present 

y instrumentalities further comprise the formation of polyurethane polymer concretes that 

o 

are suitable for use, by way of example, as chemically resistant flooring materials in 

15 industrial and agricultural structures. Polymer concretes that are constructed according to 

these principles demonstrate surprisingly significant strength, resistance to chemicals, and 

improved glass transition strength in comparison to prior polyurethane polymer concrete 

compositions. These advantages are obtained by mixing the polyurethane resin with an 

aggregate mixture in the proportions described below. One reason for the observed 

20 improvements in polymer concrete properties derives from the increased hydroxyl moiety 

content in vegetable oil-based polyols, which are typically tetrols, as opposed to the triols 
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and diols that are normally used in polyurethane resins. In addition to imparting improved 

structural properties, vegetable oil-based polyols have a relatively low cost in comparison 

to other polyols. This circumstance lends itself well to high volume uses, such as in 

building construction. 

Polyurethane compounds based on vegetable oil-based polyols have numerous 
advantages over other polyols that may be considered for use in alternative polymer 
concrete compositions. For example, vegetable oil-based polyols have a higher thermal 
stability both in air and nitrogen than corresponding polyurethane compounds based on 
polypropylene oxide (PPO) polyols. Vegetable oil-based polyurethane compounds have 
better hydrolytic stability and lower absorption of water than corresponding PPO-based 
compounds. Still further, vegetable oil-based polyurethane compounds have several 
orders higher bulk and surface resistivity than amine or anhydride cured epoxy resins. 

Structural properties and mixing properties of the resin may be improved by 
adding a low molecular weight polyol, such as glycerine, which has been shown to 
improve structural properties in amounts ranging between 0% and 30% by weight of the 
resin. A low molecular weight polyol is defined as a polyol having a molecular weight 
less than one-half of the molecular weight of the vegetable oil-based polyol. Glycerine is 
preferred because it is a naturally occurring material that, Uke the vegetable oil-based 
polyols, is less harmful to the environment than alternative polyols. Glycerine is also 
preferred because it is a triol, which enhances its crosslinking effect. 
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The vegetable oil-based polyol and the isocyanate are preferably combined in 

approximately stoichiometric quantities, but structural properties of the cured polymer 

concrete composition are improved when the isocyanate in the admixture preferably 

comprises a stoichiometric excess amount of the isocyanate moieties in comparison to 

5 hydroxyl moieties in the vegetable oil-based polyol and crosslinking agent. The ratio of 

isocyanate moieties in the isocyanate to hydroxyl moieties in the vegetable oil-based 

polyol preferably ranges from 1.02 to L15, more preferably from 1.05 to 1.10, and is most 

y preferably 1.05 .Examples of isocyanates that can be used include, but are not limited to, 

ll polymeric or crude diphenylmethane diisocyanate (MDI), modified MDI including 

5^ 10 hydrogenated MDI (HMDI), isophorone diisocyanate, and 2,4-toluene diisocyanate (TDI). 

%0 HMDI is non-aromatic and can be used where light stability, arc and tracking resistance 

O are required. A particulariy preferred isocyanate, PAPI 2901 , which is available from 

Dow Chemicals, Midland, Mich. 48674, is an example of a polymeric or crude MDI that 

s : 

may be used. Isonate 2143 L, which is available from Dow Chemicals, is an example of a 
15 non-polymeric MDI that may be used. The selection of the isocyanate component, 

especially at to the number of isocyanate moieties, affects the degree of crosslinking 

within the cured polyurethane. 

Still further, a drying agent or an antifoaming agent may be added to the 

polyurethane, as desired. A drying agent is recommended for use in high strength 

20 concretes because polyurethanes are very sensitive to moisture and tend to foam if not 

dried. An example of a drying agent that may be used is a zeolite paste such as Baylith L 
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Paste, which is comprised of a 50% dispersion of zeolite in castor oil and may be obtained 

from Bayer Corp., 100 Bayer Road, Pittsburgh, Pa. 15205. A zeolite drying agent is the 

most preferred drying agent for polyurethane reactions. Nonreactive additives such as 

pigments may also be added when forming the polyurethane resin, but these additives are 

5 considered to be part of the aggregate mixture. 

The polyurethane resins of the present invention can be cured at room temperature. 

Higher temperatures accelerate the curing process and avoid the use of a catalyst. The 

viscosity of the polyurethane is reduced at higher curing temperatures and, consequently, 

gas evacuation from the compound is facilitated. The removal of air provides a denser 

m 10 cured resin and results in a final product having a higher glass transition point. 

Curing of the polymeric concrete can be accomplished by exposing the uncured 

O resin to ambient conditions, adding a catalyst, or by exposing to elevated temperatures. 

l^^ Use of a catalyst, such as an amine, organotin or organomercurial material in amounts 

^ recommended by the manufacturer, is preferred because it accelerates curing of the resin 

15 and because elevated temperatures are difficult or impossible to maintain in the intended 

environments of use. The catalyst will be added to the polyol along with the isocyanate. 

It should be noted that after the passage of time, the cured concretes will have similar 

qualities regardless of whether a catalyst was added or enhanced temperatures were used. 

Where high strength is needed, the polyol and the aggregate composition are 

20 preferably dried before being mixed together. The polyol component is optionally but 

preferably mixed with an approximately stoichiometric amount of an isocyanate under 
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vacuum conditions at about 40-60 C. for about 5 minutes or until foaming stops. This 

removes trapped air. A catalyst is optionally but preferably added during this mixing 

process. The resultant resin, the aggregate and the other optional additives should then be 

mixed while the resin is still hot so as to form an uncured cement mixture that will harden 

5 over time. 

The aggregate composition is generally a material that costs less than the 
polyurethane resin and which is capable of being bound in place by the cured 
polyurethane resin. It is generally contemplated that the aggregate composition will be 
mineral, ceramic or glass. Preferred materials include fly ash, lime, sand, pea gravel, 

10 crushed rock, and mixtures thereof in any combination. Other aggregates may optionally 
include such materials as metal fines, glass fibers, synthetic fibers, glass reinforcing mats, 
glass strands, glass filaments, metal fibers, mineral powders, and mixtures thereof in any 
combination. For example, an aggregate may be formed of 10% sand and 15% fly ash. 

Pea gravel is a particularly preferred aggregate constituent due to its relatively low 

15 cost. Structural properties of the polymer concrete composition are generally enhanced 
when pea gravel comprises 25% or less of by weight of the aggregate composition. On 
the other hand, sufficient structural strength may be found in mixtures having higher 
percentages of pea gravel, and hence lower costs, in amounts equal to or exceeding 25%. 
50% or even 75% by weight of the aggregate composition. 

20 Where high structural strength is less important and the cost of the polymer 

concrete mixture is a factor for consideration, the total amount of resin may optionally be 
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reduced down to ten percent or less by weight of the mixture by adding a foaming agent, 

such as water, to the mixture. The amount of water may vary depending upon the desired 

strength, but amounts of water up to two percent by weight of the resin are contemplated 

as being within acceptable limits for low strength appUcations. The advantage of foam the 

resin is that the foam occupies a larger volume than does the unfoamed resin and, 

consequently, reduced amounts of resin, e.g., less than fifteen percent by weight of the 

polymer concrete mixture, are able to fully coat the aggregate resulting in improved 

overall structural properties. Increased amounts of water may be added in amounts up to 

two percent or more, especially where the amount of resin comprises less than ten percent 

of the polymer concrete composition by weight. For example, a water-permeable foam 

may be created by using five percent resin by weight of the aggregate mixture where the 

resin mixture comprises three percent water. Other resin contents of less than ten percent 

by weight of the polymer mixture may be utilized, with or without foaming, where it is 

desired for the polymer concrete composition to be permeable to water, such as is needed 

when placing a polymer concrete barrier around shrubbery or a tree. 

Various alternatives for curing the concrete may be followed as part of the method, 

including adding a catalyst to the polyol/isocyanate mixture or allowing the concrete to 

cure over a period of time. The resultant polymeric concrete is advantageous because it 

demonstrates excellent flexular modulus, glass transition temperature, tensile strength, 

compressive strength, impact strength, and hardness. The resultant polymeric concrete is 
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well suited for use in road repairs, such as patching holes and flooring used in a 

chemically aggressive environment. 

EXAMPLE 1 
PREPARATION OF SOY POLYOLS 

A variety of soy-polyols were produced by methods taught in U.S. U.S. patent 
6,107,433 by varying the degree of hydroxylation. Such polyols are all suitable for use in 
forming the polyurethane matrix. For convenience, the resins are labeled MET-20, BM, 
BMW, and BIPW, Each polyol has different characteristics as shown in Table 1 below. 



Table 1 

General Properties Of The Soy Polyols 



Soy Polyol 


0H#^ 
(mgKOH/g) 


2 

Epoxy Number 
(%) 


Viscosity ^ 
(Pa.s) 


Color 


Met-20 


208 


0.03 


11.0 


light yellow 


BM 


180 


0.02 


4.9 


light yellow 


BMW 


207 


0.028 


13.3 


light yellow 


BIPW 


256 


0.028 


26.0 


light yellow 



Hydroxyl number - measures of the amount of reactive hydroxyl groups available for 
reaction. This value is determined by a wet analytical method according to ASTM D 
4274-88 and reported as the number of mg of potassium hydroxide equivalent to the 
hydroxyl groups found in one gram of the sample. 
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Epoxy number measures epoxy content and is determined according to ASTM D 1652 
using tiration with HBr. 

Viscosity is determined through use of the Controlled Stress Rheometer from 
Rheometrix. 

The soy-polyol known as BMW is preferred for its mixing properties, which are 
associated with relatively low viscosity, as well as superior structural performance in the 
polymer concretes. The total 0H# for these various polyols ranges between about 180 and 
about 260, where the preferred BMW polyol has an 0H# ranging between about 180 and 
about 210. More preferably, a soy-polyol having an 0H# ranging between about 205 and 
about 210, particularly about 208, will be used. Other soy-polyols may be used as long as 
the polyol has a suitable number of hydroxyls 

* * * 

The following examples contain experimental results that share various 
methodologies. Samples of polymer concrete were prepared by mixing the reported 
ingredients and pouring the ingredients into molds, which produced hardened samples. 
The hardened samples for use in the compressive strength and tensile strength tests were 
formed as cylinders measuring 1 inch in diameter and 2 inches in length. The samples for 
the flexural strength test were blocks of 5 inches in length, 3/4 inch in width, and V2 inch 
in thickness. 
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The tests for compressive strength were conducted using a CARVER press Model 
3891.4PR1A00 according to ASTM C 39-94. The tests for splitting tensile strength were 
also conducted using a CARVER press Model 3891.4PR1A00 according to ASTM C 496- 
90. The test for flexural strength was conducted using an INSTRON tester Model 4467 
5 according to ASTM C 293-94. 

The tests for compressive strength were performed by placing the cylindrical test 
specimen into the press in a vertically elongated position. Force was applied on the test 
specimen to press it until the test specimen was crushed. The value of the force loaded on 
the test specimen when it crushed was read. The compressive strength was calculated as 
10 follows: 

Compressive strength = p/(r^7r), where 
p = applied load force when specimen was crushed 
r = radius of the test specimen 
The spUtting tensile strength tests were performed by placing the cylindrical test 
15 specimen on the press in a horizontal position or flattened configuration with two small 
wooden bars at the bottom and top of the specimen. Force was applied on the specimen to 
press it until the specimen was broken. The value of the force loaded on the specimen 
when the specimen broke was read. The splitting tensile strength was calculated as 
follows: 

20 Splitting tensile strength = 2p/7ild, where: 

p = applied load force when specimen broke 
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1 = length of the test specimen 



d = diameter of the test specimen 



Flexural strength was calculated using a three point bending test. The test 



specimen was placed on two supports. Force was applied using a loading nose to the 



5 middle of the specimen until the specimen broke. The value of the force loaded on the 



specimen when it broke was read. The flexural strength was calculated as follows: 



Flexural strength = 3pl/2bd^, where 



p = applied load force when specimen broke 



1 = support span 
t\\Q b = width of the specimen 

d = thickness of the specimen (depth of the beam) 



The glass transition temperature (Tg) tests were performed using conventional 



practices involving differential scanning calorimetry and, alternatively, a thermal 



mechanical analyzer to approximate the glass transition temperature. Unless otherwise 



15 specified, the thermal mechanical analyzer test results are reported. 



Tests for Shore D Hardness were performed using an instrument from Paul N. 



Gardner Company, Inc. The Shore D hardness test is used to provide a relative hardness 



measurement. The resultant Shore D hardness numbers, although useful in providing a 



comparison between the respective concretes, are designed for measuring hard rubbers. 



20 No assertion is made that the reported Shore D hardness measurements can be compared 
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to harness in actual rubbers. The measurements merely provide a relative hardness scale 

that is useful in comparing the hardness of polymer concretes. 

Density measurements were performed according to ASTM D792 by volumetric 
displacement of liquid and measured weight change. 

Except where specified, all references to percent (%) and pph are on a weight 

basis. 

In Examples 2-5, four series of cast polyurethane (PU) samples were prepared 
using the four different soy-polyols that are described in Example 1 including the Met-20, 
BM, BMW, and BIPW polyols. The samples were tested to determine the preferred soy- 
polyoL In each series of samples, different amounts of glycerin (as a crosslinker) was 
added in order to analyze the effects of different crosslinker density on properties of cast 
polyurethane samples. 

* * * 
EXAMPLE 2 

STRUCTURAL PROPERTIES OF MET20 POL YOL RESINS 

Eight cast polyurethane samples formed from soy-polyol Met-20 were prepared 
with different amounts of glycerin. The equivalent ratios of Met-20 and glycerin, 
expressed as parts per hundred by weight of the polyol, were: 

• 10/0 (0 pph glycerin, total 0H# = 208); 

• 9/1 (1.3 pph glycerin, total 0H# = 229); 
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• 8/2 (2.8 pph glycerin, total 0H# = 252); 

• 7/3 (4.9 pph glycerin, total 0H# = 284); 

• 6/4 (7.6 pph glycerin, total 0H# = 322); 

• 5/5 (1L3 pph glycerin, total 0H# = 373); 

5 • 4/6 (17.1 pph glycerin, total OH# = 444); and 

• 3/7 (26.5 pph glycerin, total OH# = 548). 

Aliquots of the eight MET20 polyol-glycerine mixtures described above were 

® 

placed in a container and charged with PAPI 2901 a polymeric methylene diphenyl 

diisocyanate (PMDI) from The Dow Chemical Company to provide an NCO/OH 
10 equivalent ratio of 1:1 in the resin mixture. The reagents were mixed to homogeneity for 
two to three minutes. Air bubbles were removed by applying vacuum to the closed 
container for two to three minutes. The contents of the container were then poured into a 
mold and the mold placed in an oven and held at 110°C overnight for approximately 
twelve hours. The properties of the eight Met-20 cast polyurethane samples were 
15 determined according to the procedures described above and are shown in Table 2 below. 



Table 2 

Properties Of Cast Resin Based On Met-20 Polyol 



Glycerin 

content 

(pph) 


Tg 

(TMA, 

"C) 


Tg 

(DSC, 


Flexural 
Modulus 
(Mpa) 


Tensile 

Strength 

(Mpa) 


Compressive 

Strength 

(Mpa) 


Impact 

Strength 

(ft/inch) 


Hardness 
(Shore D} 


0 


85 


86 


1339 


39 


118 


0.12 


80 
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Glycerin 
(PPh) 


Tg 

^ 1 IvIM, 

°C) 


Tg 

°C) 


Flexural 
^y|^^H[ ill ic 

iVIUUUlUb 

(Mpa) 


Tensile 

Qtmnnfh 
oil CI lyii 1 

(Mpa) 


Compressive 

Ctrpnnth 

oil CI l^ll 1 

(Mpa) 


Impact 

ctrpnnth 

OLI d l^ll 1 

(ft/Inch) 


Hardness 
(Shore D} 


1.3 


92 


89 


1489 


39 


123 


0.10 


81 


2.8 


107 


94 


1550 


42 


125 


0.19 


82 


4.9 


125 


103 


1647 


45 


126 


0.13 


83 


7.6 


135 


118 


1943 


49 


132 


0.15 


84 


11.3 


139 


132 


2073 


50 


140 


0.14 


85 


17.1 


147 


137 


2098 


64 


148 


0.16 


86 


26.5 


159 


146 


2106 


63 


149 


0.07 


87 



u3 

As can be seen, the sample without added glycerin had the lowest glass transition 
temperature, hardness, and lowest mechanical strength. The samples with moderate 
iS, amounts of glycerin yielded better mechanical strengths, higher glass transition 

5 temperatures and hardness (except impact resistance). Samples with the highest amount 
of added glycerin produced the highest glass transition temperature, highest hardness, and 
best mechanical properties. 



10 
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* * * 

EXAMPLE 3 

STRUCTURAL PROPERTIES OF BM POLYOL RESINS 

Eight cast resin samples were prepared using the soy-polyol BM that is described 
in Example 1, in combination with different amounts of glycerine. The equivalent ratios 
of BM polyol and glycerin were: 

• 10/0 (0 pph glycerin, total OH# = 181); 

• 9/1(1.1 pph glycerin, total OH# = 199); 

• 8/2 (2.5 pph glycerin, total 0H# = 221); 

• 7/3 (4.2 pph glycerin, total OH# = 248); 

• 6/4 (6.6 pph glycerin, total 0H# = 283); 

• 5/5 (9.9 pph glycerin, total OH# = 329); 

• 4/6 (14.8 pph glycerin, total 0H# = 394); and 

• 3/7 (23.1 pph glycerin, total 0H# = 490). 

Aliquots of the eight BM cast samples were mixed with an equivalent isocyanate 
® 

moiety from PAPI 2901 and hardened in an identical manner with respect to the cast 

resins of Example 2. The structural properties of each BM resin were determined 
according to the procedures described above and are shown in Table 3 below. 

Table 3 

Properties of Cast Resin Based On BM Polyol 
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Glycerin 

content 

(PPh) 


Tg 

(TMA, 

°C) 


Tg 

(DSC, 

°C) 


Flexural 
Modulus 
(Mpa) 


Tensile 

Strength 

(Mpa) 


Compressive 

Strength 

(Mpa) 


Impact 

Strength 

(ft/inch) 


Hardness 
(Shore D} 


0 


46 


46 


674 


20 


78 


0.49 


75 


1.1 


48 


55 


928 


31 


89 


0.44 


78 


2.5 


60 


54 


1306 


39 


105 


0.33 


80 


4.2 


66 


61 


1528 


42 


133 


0.44 


82 


6.6 


78 


83 


1859 


49 


142 


0.86 


84 


9.9 


90 


101 


2103 


55 


173 


0.57 


85 


14.8 


106 


100 


2166 


62 


182 


0.45 


86 


23.1 


116 


125 


2476 


63 


206 


0.49 


87 



The lower OH# of soy-polyol BM is generally responsible for lower Tg, lower 
flexural modulus, lower hardness, and lower mechanical strength. By adding glycerin as 
an additional crosslinker, it was observed that these properties were improved. Among the 
eight samples, the best properties were displayed by the sample with the highest amount of 
added glycerin. 
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* * * 

EXAMPLE 4 

STRUCTURAL PROPERTIES OF BMW POLYOL RESINS 

Five cast resin samples were formed using the soy-polyol resin BMW that is 
described in Example 1, in combination with different amounts of glycerine. The relative 
amounts of BMW polyol and glycerin were: 

• 0 pph glycerin (total 0H# = 207); 

• 5 pph glycerin (total 0H# = 289); 

• 10 pph glycerin (total 0H# = 359); 

• 15 pph glycerin (total 0H# = 423); and 

• 20 pph glycerin (total 0H# = 482). 

Aliquots of the eight BM cast samples were mixed with an equivalent isocyanate 
® 

moiety from PAPI 2901 and hardened in an identical manner with respect to the cast 

resins of Example 2. The structural properties of each BM resin were determined 
according to the procedures described above and are shown in Table 4 below 



Table 4 

Properties Of Cast polyurethane Samples Based On Polyol BMW 



Glycerin 
content (pph) 


Tg 

(DSC, 


Flexura! 
Modulus 
(Mpa) 


Tensile 

Strength 

(Mpa) 


Compressive 

Strength 

(Mpa) 


Hardness 
(Shore D} 


0 


85 


1417 


34 


121 


81 
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Glycerin 
content (pph) 


Tg 

(DSC, 
°C) 


Flexural 
Modulus 
(Mpa) 


Tensile 

Strength 

(Mpa) 


Compressive 

Strength 

(Mpa) 


Hardness 
(Shore □} 


5 


101 


1938 


51 


131 


84 


10 


119 


2129 


53 


138 


85 


15 


124 


2392 


60 


160 


85 


20 


130 


2273 


59 


193 


87 



Due to similar hydroxyl numbers, the cast sample made from the BMW polyol 
without adding glycerin resulted in a sample that exhibited properties similar to the 
properties of the Met-20-based cast sample. The properties of the BMW sample were 
5 improved by the addition of glycerin. Among these five samples, the sample made with 
20 pph glycerin had the highest Tg, hardness, and compressive strength. Flexural 
modulus and tensile strength, however, were slightly lower than the sample made with 15 
pph glycerin.. It is hypothesized that this result may be due to errors in the testing or 
sample preparation. 

EXAMPLE 5 
STRUCTRUAL PROPERTIES OF BIPW RESINS 

Five cast resin samples were formed using the soy-polyol resin BIPW that is 
described in Example 1, in combination with different amounts of glycerine. The relative 
15 amounts of BMW polyol and glycerin were: 
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• 0 pph glycerin (total 0H# = 256); 

• 5 pph glycerin (total 0H# = 331); 

• 10 pph glycerin (total 0H# = 399); 

• 1 5 pph glycerin (total 0H# = 46 1); and 

• 20 pph glycerin (total 0H# = 518). 

AHquots of the eight BM cast samples were mixed with an equivalent isocyanate 
® 

moiety from PAPI 2901 and hardened in an identical manner with respect to the cast 

resins of Example 2. The structural properties of each BM resin were determined 
according to the procedures described above and are shown in Table 5 below. 



Table 5 

Properties Of Cast Samples Based On Polyol BIPW 



Glycerin content 
(pph) 


Tg 

(DSC'C) 


Flexural Modulus 
(Mpa) 


Tensile Strength 
(Mpa) 


Hardness 
(Shore D} 


0 


85 


1417 


34 


81 


5 


101 


1938 


51 


84 


10 


119 


2129 


53 


85 


15 


124 


2392 


60 


85 


20 


130 


2273 


59 


87 
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Comparing the cast samples made without glycerin with the first three soy-polyols 

of Examples 2-4, it is observed that the BIPW-based sample made without glycerin had 

the highest Tg, tensile strength, flexural modulus, and hardness. This is likely due to the 

high 0H# (256 mgKOH/g). The properties of BIPW-based samples were further 

5 improved by the addition of glycerin. 

sf: sfi iJ: 

Examples 2-5 uniformly show that the highest concentrations of glycerin generally 
improve structural properties of the cast resins. In some instances, as is apparent from 

10 Figs. 1-16, the use of glycerine in high concentrations may result in a plateau or even a 
slight diminishment with regard to some structural properties while other properties 
continue to improve. The issue of how much glycerine to add is not necessarily a function 
of optimizing the structural strength of the cured resin so much as it is a consideration of 
how much glycerine, a relatively high cost component, should be added to achieve design 

1 5 strength requirements . 

The selection of the preferred polyol for formation of polymer concrete was based 
on the overall properties observed in the cast resins and the observed rheological mixing 
properties of the liquid state resins with aggregates. As such, the polyol that resulted in 
good properties in the cast resin was considered for the application in the concrete. Thus, 

20 it was determined that the proper polyol for making the polymer concrete should result in 

a cast resin with acceptable properties and a relatively low viscosity. 
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Figs. 1-5 provide a graphical comparative representation of the results shown in 

Examples 2-5. Fig. 1 depicts glass transition temperature (Tg) as a function of glycerine 

content for cast resins of the respective polyols. Fig. 2 depicts flexural modulus as a 

function of glycerine content. Fig. 3 depicts tensile strength as a function of glycerine 

5 content. Fig. 4 depicts compressive strength as a function of glycerine content. Fig. 5 

depicts Shore D hardness as a function of glycerine content. 

The BIPW-based cast samples resulted in the highest Tg and mechanical strength 

Q apparently due to its high 0H# (initially 256 mgKOH/g without glycerine). The cast 

SI polyurethane sample formed from the BM polyol appears to have the lowest Tg and 

m 10 mechanical strengths which is likely resultant from its lower 0H# (initially 180 

mgKOH/g). The BMW-based and Met-20 based cast polyurethane samples had moderate 

p Tg and mechanical properties as compared to the samples formed from the BM and BEPW 

f ^; resins. The properties of BMW and Met-20 samples appear to be similar because these 

f f two polyols have similar and moderate OH#'s (0H# of BMW = 207 mgKOH/g versus 

15 0H# of Met-20 = 208 mgKOH/g). 

The properties of the cast samples prepared using 5 pph glycerin, with each of the 

four different polyols, were analyzed. It was observed that the BIPW-based cast 

polyurethane sample displayed the highest Tg and mechanical properties. Conversely, it 

was observed that the lowest Tg and mechanical properties were obtained with the BM- 

20 based cast sample. The properties of BMW-based and Met-20-based polyurethane 

samples were intermediate between the BM and BIPW samples. However, by increasing 
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the glycerin concentration, the differences in properties between the cast samples of the 

four different polyols decreased. As such, better properties of cast polyurethane samples 

were obtained by adjusting the total 0H# with proper concentration of glycerin. The 

addition of glycerin to lower 0H# polyol-based cast polyurethane samples yielded similar 

properties as high 0H# polyol-based resins. Despite having relatively higher 

mechanical properties, the polyol resin BIPW was not selected as the preferred soy-polyol 

for producing a polyurethane concrete because its high viscosity (26 Pa.s) made it more 

difficult to mix. The amount of glycerin is preferably limited to a relatively low level 

because it is comparatively costly. Thus, the polyol resin BM (0H# =180 mgKOH/g) 

was determined to be commercially less suitable for use. BMW and Met-20 polyols in 

comparison displayed substantially the same properties in the resultant cast resin samples. 

Therefore, the soy-polyol BMW was selected as the preferred soy-polyol for use in 

preparing samples of PU-based polymer concrete. 

Example 6 

BMW Resin Gel Time Sensitivity Study 

Gel time is defined as the time in which 200 Pa.s of viscosity in a resin is reached 

as the resin is curing. The time for gelling is important an important consideration when 

forming composite materials, e.g. concretes. Aliquots of the BMW soy polyol without 

® 

glycerine were mixed with an equivalent isocyanate moiety from PAPI 2901 and 
hardened in an identical manner with respect to the cast resins of Example 2. Five 
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samples were obtained and cured in heated containers that were maintained at different 

temperatures including 30, 60, 75, 90 and 105 °C. Viscosity measurements were obtained 

every minute, and the results are shown in Fig. 6. The gel times ranged from 6 minutes at 

105°C to 70 minutes at 30°C. 

5 Aliquots of the BMW soy polyol without glycerine were mixed with an equivalent 

® 

isocyanate moiety from PAPI 2901 and hardened in an identical manner with respect to 

the cast resins of Example 2, except a catalyst, Cocure-55 obtained from Cas Chem, Inc., 
was added in differing concentrations to the uncured resin mixture. The amount of 
Pl catalyst varied among the respective samples as 0%, 0. 1 %, 0.2%, 0.3%, 0.4%, and 0.5% 

Si 10 by weight of the resin. Viscosity measurements were obtained every minute, and the 

results are shown in Fig. 7, The gel times ranged from 6 minutes at 0.5% to 70 minutes at 

£ 0%. 

S „ Ij 

f ^ As can be seen, the gel time decreases as either the temperature or amount of 

catalyst increases. Furthermore, the gel time effects of temperature variation can be 
15 selectively reproduced or compensated using a catalyst, which is more easily controllable 
in the intended environment of use. 

if; * Hi 

The resin properties having been demonstrated by the forgoing Examples, 
additional Examples follow to demonstrate the properties of the resins in combination 
20 with an aggregate composition. 
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EXAMPLE? 

EFFECT OF NCO/OH RATIO ON MECHANICAL PROPERTIES OF 

CONCRETE 

A series of four BMW soy polyol concrete samples were prepared according to the 

procedure of Example 2 with varied NCO/OH ratios in order to determine the effect of 

NCO/OH ratio on the mechanical properties. The NCO/OH ratio varied as L02, L05, 

® 

LIO and L15 with the NCO moiety being supplied through PAPI 290L Supplemental 

NCO material is advisable in polymer concretes is desirable, in order to react with free 
hydroxyl groups that reside on the surface of the aggregates. The resin was mixed 
thoroughly with aggregate in a weight of resin comprising fifteen percent of the total 
concrete mixture including the aggregate. The aggregate mixture comprised 15% fine fly 
ash powder obtained from Ash Grove Cement Company (MPA Standard 9-50T), 50% pea 
gravel (3/32 inch size obtained from Joplin Stone Co.), 17.5% coarse silica sand (0.5 mm 
particle size obtained from Unimin Corporation), and 17.5% fine silica sand (0.25 mm 
particle size obtained from Unimin Corporation). The samples were cast in molds and left 
to cure overnight at ambient temperature for at least about twelve hours. 

The mechanical properties of tensile, flexural and compressive strengths were 
determined according to the test procedures described above. The resultant properties are 
shown in Fig. 8, which demonstrates an optimum NCO/OH ratio at about L05 with 
respect to all properties, except compressive strength which is substantially at an optimum 
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value. Polymer concrete samples with ratios of NCO/OH at 1.02 and 1.15 did not display 

significantly better mechanical properties. After comparing the properties of samples with 

NCO/OH ratios of 1.05 and 1.10, the NCO/OH ratio 1.05 was selected as the most 

preferred NCO/OH ratio for preparing the polymer concrete. 

5 * * * 

EXAMPLE 8 

THE EFFECT OF RESIN AMOUNTS ON MECHANICAL STRENGTH 

In order to determine the effects of the amount of polyurethane resin binder on mechanical 
properties of polymer concrete, four BMW soy polyol samples were prepared according to 

10 the procedure in Example 7, except different amounts of resin binder were used at 

percentages including 15%, 20%, 25%, and 30% by weight of the concrete mixture. The 
aggregate comprised the remaining amount of concrete. The mechanical properties of the 
resultant polymer concrete samples were determined according to the test procedures 
described above, as to compressive strength, splitting tensile strength, flexural strength. 

15 The resultant properties are shown in Fig. 9. 

The polymer concrete sample with 15% resin had the highest compressive strength 
and splitting tensile strength, however, the flexural strength was slightly lower than the 
other samples. Although the sample made with 30% resin exhibited good splitting tensile 
strength and flexural strength, the compressive strength was observed to be too low. The 

20 samples made with 20% resin exhibited acceptable mechanical properties, although they 
are not the highest measured. 
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These results show that the most preferred percentage of resin binder in the 

polymer concrete is between about 15% and about 20% for structural performance of the 

concrete. The aggregates tended to settle in samples having more than about 30% by 

weight of resin and the compressive strength was too low. Consequently, this is the 

5 maximum amount of resin in the preferred range of use. Cost advantages and improved 

structural properties may be obtained by using lesser amounts of resin, but it becomes 

difficult to coat all of the aggregate with resin when using resin amounts less than 15% by 

total weight of the mixture. The resin may be foamed, e.g., by the addition of small 

amounts of water, to enhance the coating effect and structural integrity of the polymer 

10 concrete in low resin content concretes. 

* =i; * 

EXAMPLE 9 

AGGREGATE VARIATION AFFECTING CONCRETE STRENGTH 

FINE POWDER 

15 Five polymer concrete samples were prepared according to the procedure in 

Example 7, except that the amount of fine fly ash powder in the aggregate was varied. 
The use of fine powder improves the space filing within the concrete and, thus, increases 
the interaction between the resin binder and the aggregates. An initial aggregate 
composition was prepared including 50% pea gravel by weight with the remaining 50% 

20 being coarse sand and fine sand in equal amounts. This aggregate composition served as 

the base aggregate representing a 0% by weight of fine fly ash powder. Additional 
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aggregate compositions were prepared by adding fine powder in amounts of 5%, 10%, 

15%, and 20% by weight of the aggregate compositions. The increasing amounts of fine 

powder were compensated in the additional aggregate compositions by reducing the 

coarse sand and fine sand components in equal amounts. Thus, for example, the 

additional aggregate composition comprising 20% by weight of fine powder 20% 

contained 50% pea gravel, 15% coarse sand, and 15% fine sand. The resin amount was 

15% based on the total weight of polymer concrete. The mechanical properties were 

determined according to the test procedures described above, as to compressive strength, 

splitting tensile strength, flexural strength. Fig. 10 shows the resultant mechanical 

properties. 

The samples made with 20% fine powder resulted in the highest mechanical 
strength values. The samples made with 10% and 15% fine powder displayed excellent 
mechanical strength, however, their strength was slightly lower than the mechanical 
strength of the sample made with 20% fine powder. Considering the relatively high 
viscosity of the resin binder, it is difficult to prepare polymer concrete with 20% fine 
powder in conmiercial quantities without specialized equipment. Therefore, the 
conmiercially preferred amount of fine powder in the polyurethane polymer concrete is 
preferably from 10% to 15% by weight of the aggregate and is most preferably about 
15%. 
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* * * 

EXAMPLE 10 

AGGREGATE VARIATION AFFECTING CONCRETE STRENGTH 

PEA GRAVEL 

Pea gravel is one of the more common constituents of commercial aggregates, and 
it is often the least costly component of the aggregate. This cost advantage is offset by a 
corresponding reduction in mechanical strength because aggregates of smaller size usually 
result in better mechanical strength owing to a better distribution of aggregates in the 
structural matrix and a better interaction with the resin binder. 

Four polymer concrete samples were prepared according to the procedure in 
Example 7, except that the amount of pea gravel was varied in order to determine the 
related effects on mechanical properties. The resin binder amount used was 15% of the 
total weight of the mixture. A base aggregate composition was prepared using 15% fine 
fly ash powder, 42.5% coarse sand, 42.5% fine sand, and 0% pea gravel by weight of the 
aggregate. Additional aggregates were prepared by adding pea gravel to obtain additional 
aggregates having 25%, 50% and 75% by weight of pea gravel. The additional pea gravel 
was compensated by reducing equally the amount of coarse sand and fine sand. Thus, for 
example, the aggregate comprising 75% pea gravel contained 15% fine powder, 5% fine 
sand and 5% coarse sand. The mechanical properties of the polymer concrete samples 
with different amounts of pea gravel were determined according to the test procedures 
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described above, as to compressive strength, splitting tensile strength, flexural strength. 

Fig. 1 1 presents the results. 

Among the four polymer concrete samples, the sample without pea gravel yielded 

the highest mechanical strengths. As the amount of pea gravel increased, the mechanical 

strength of the resultant samples decreased. The polymer concrete sample with 75% pea 

gravel had the lowest mechanical strength. 

sfs * * 

EXAMPLE 11 

AGGREGATE VARIATION AFFECTING CONCRETE STRENGTH 

SAND TYPE 

In order to determine the effects on mechanical strength between coarse sand and 
fine sand, three polymer concrete samples were prepared according to the procedure in 
Example 7, but varying the aggregate composition according to sand type. The resin 
binder content was 15% of the concrete mixture. The respective aggregate compositions 
consisted of: (1) 15% fine powder and 85% fine sand, (2) 15% fine powder and 85% 
mixed coarse and fine sand (50/50 mix), and (3) 15% fine powder and 85% coarse sand. 
The mechanical properties of the polymer concrete samples were determined according to 
the test procedures described above, as to compressive strength, splitting tensile strength, 
flexural strength. Fig. 12 presents the results. 
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The three polymer concrete samples had almost the same mechanical strength. It 

is apparent from the results above that the sand type does not significantly affect the 

mechanical strength of polyurethane polymer concrete. 

* * * 

5 EXAMPLE 12 

GLYCERINE CONTENT VARIATIONS ON MECHANICAL PROPERTIES OF 

CONCRETE WITH PEA GRAVEL 

In order to determine the effect of glycerin on mechanical properties of polyurethane 
polymer concrete, two sets of polymer concrete samples were prepared according to the 

10 procedure in Example 7, except that the concentration of glycerin was varied. Four 

polymer concrete samples were prepared with varied concentrations of glycerin at 0, 5, 10, 
and 15 pph by weigh of the resin. The content of resin binder in the concrete mixture was 
15%. Aggregates consisted of 15% fine powder, 17.5% coarse sand, 17.5% fine sand, and 
50% pea gravel. The mechanical properties of the polymer concrete samples were 

15 determined according to the test procedures described above, as to compressive strength, 
splitting tensile strength, flexural strength. Fig. 13 presents the results. 

The polymer concrete samples with added glycerin had higher mechanical 
strengths than the sample without glycerin. However, the highest mechanical strength was 
not obtained from the sample that had the highest concentration of glycerin. The polymer 

20 concrete sample with 5 pph glycerin had the highest mechanical strength. The mechanical 

strength decreased with increasing glycerin concentrations above 5 pph. 
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* * * 
EXAMPLE 13 

GLYCERINE CONTENT VARIATIONS ON MECHANICAL PROPERTIES OF 
CONCRETE WITHOUT PEA GRAVEL 

Six polymer concrete samples were prepared according to the procedure in 
Example 7, except that the concentration of glycerin) was varied to comprise 0, 5, 10, 15, 
20, and 25 pph by weight of the resin. The percentage of resin binder in the concrete 
mixture was 17.5% by weight. The aggregates consisted of 15% fine powder, 42.5% 
coarse sand, and 42.5% fine sand. The mechanical properties of the polymer concrete 
samples with different amounts of pea gravel were determined according to the test 
procedures described above, as to compressive strength, splitting tensile strength, flexural 
strength. Fig. 14 presents the results. 

A comparison between the results presented in Fig. 14 and the results of Fig. 13 
shows that similar results are obtained. In each case, the sample with 5 pph glycerin had 
the highest mechanical strengths, and the mechanical strength of samples with more than 5 
pph glycerin decreased with increasing glycerin concentration. The samples with more 
than 15 pph glycerin were weaker than the sample without glycerin. As such, the sample 
with the highest concentration of glycerin (25 pph) displayed the lowest mechanical 
strength in Fig. 14 

With more than 5 pph glycerin in the polymer concrete, glycerin did not display 

the same effect as in cast polyurethane resin samples. While not wishing to be bound by 
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theory, a possible explanation is that the polyurethane polymer concrete sample with high 

concentration of glycerin does not have a well-distributed interaction in polyurethane 

polymer concrete because of the change of viscosity. As such, higher concentrations of 

glycerin require a higher percentage of isocyanate in the resin binder which may induce 

separation of binder from the filler. 

* * * 
EXAMPLE 14 

CURING OF CONCRETE BY CALATYST VERSUS TEMPERATURE 

In order to determine the effect of curing technique on mechanical strength of 
polymer concrete, two samples were prepared according to the procedure in Example 7, 
except that different curing temperatures were used. These two samples were based on the 
same formulation consisting of 15% resin binder by weight of the concrete. The aggregate 
consisted of 15% fine powder and 85% sand in a 50/50 mixture of coarse and fine sand. 
Cocure-55 at 0.4% by weight of the resin was the catalyst used in a sample cured at room 
temperature (averaging 18°C) for one week. The other sample was cured at 1 10°C for ten 
hours. The mechanical properties of the polymer concrete samples were determined 
according to the test procedures described above, as to compressive strength, spUtting 
tensile strength, flexural strength. Fig. 15 presents the results. 

After one week curing, the sample cured at room temperature had lower 

mechanical strengths than the sample cured at 110° C for 10 hours. More specifically, for 

splitting tensile strength wasl6.7% lower, flexural strength waslO.8% lower, and 
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compressive strength was 13.4% lower. While curing at room temperature is effective, a 

longer cure time is required to achieve mechanical strength comparable to the higher 

temperature cure. 

* * * 
EXAMPLE 15 

EFFECTS OF CATALYST CONCENTRATION ON GEL TIME, POT LIFE, AND 

CURING TIME 

For room temperature curing polymer concrete, a catalyst advantageously reduces 
the curing time. The selection of a catalyst and catalyst concentration is based on its 
effects on the gel time, pot life time, and curing time. Generally, the catalyst selected 
should have a long pot life time and short curing time. The catalyst used in the present 
example was Cocure-55. The effects of different catalyst concentration at 0.1%, 0.2%, 
0.3%, 0.4%, and 0.5% by weight of the resin on gel time, pot life time, and curing time 
were studied at room temperature. Fig. 16 presents the results. 

The pot life of the sample with 0.5%) catalyst was too short to finish the mixing 
with aggregates. A sample with 0.4% catalyst had a pot hfe of 20 minutes, and the sample 
set up in 90 minutes. For preparing polymer concrete in a small quantity, an acceptable 
catalyst concentration is up to 0.4%. Concentrations of 0.1%, 0.2%, and 0.3% of Cocure- 
55, or even no catalyst, can be used to prepare the polymer concrete. The catalyst 
concentration can be varied from 0% to 0.4% according to the application and requirement 
of the polymer concrete. 
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iii * * 

EXAMPLE 16 

EFECTS FO CATALYST CONCENTRATION ON MECHANICAL STRENGTH 

24 HOUR CURE RESULTS 

5 Four polyurethane polymer concrete samples were prepared according to the 

procedure in Example 7, except the amount of was Cocure-55 catalyst varied in 
concentrations of 0%, 0.2%, 0.3%, and 0.4% by weight of the resin and the percentage of 
the resin was 17.5% of the concrete mixture. Aggregates consisted of 15% fine powder 
and 85% sand in a 50/50 mixture of coarse and fine sand. All samples were cured at room 

10 temperature. The mechanical strengths were determined according to the test procedures 
described above after 24 hours curing, as to compressive strength, splitting tensile 
strength, flexural strength. Fig. 17 presents the results. 

Increasing amounts of catalyst resulted in samples having better structural 
properties after 24 hours. 

* * * 
EXAMPLE 17 

EFECTS OF CATALYST CONCENTRATION ON MECHANICAL STRENGTH 

ONE WEEK CURE RESULTS 

The procedure of Example 16 was repeated, except the samples were permitted to 
20 cure at room temperature for one week. The mechanical strengths were determined 
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according to the test procedures described above, as to compressive strength, splitting 

tensile strength, flexural strength. Fig, 18 presents the results. 

After one week at room temperature curing, the effects of catalyst concentration on 
mechanical strengths became substantially equal to one another. The higher catalyst 
concentration demonstrated slightly better mechanical strength. The sample without the 
catalyst displayed relatively lower mechanical strength. 

The use of catalyst is preferred for curing at room temperature due to timing 
constraints, but the mechanical properties of mixtures prepared using catalysts versus 
those pro[pared without catalysts tend to equiUbriate with time. 

EXAMPLE 18 

EFECTS OF CATALYST CONCENTRATION ON MECHANICAL STRENGTH 
TWO WEEK, ONE MONTH, TO MONTH, AND THREE MONTH CURE 

RESULTS 

The procedure of Example 17 was repeated, except the samples were permitted to 
cure at room temperature for longer periods of time, and tests were only performed on the 
samples using 0% catalyst and 0.3% by weight of the Cocure-55 catalyst. The longer 
times included two weeks, one month, two months, and three months. The mechanical 
strengths were determined according to the test procedures described above, as to 
compressive strength, splitting tensile strength, flexural strength. 
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Fig. 19 presents the two week cure results. After two weeks at room temperature 

curing, the strength of the sample with no catalyst still lagged slightly behind that of the 

catalyzed sample. 

Fig. 20 presents the one month cure results. Fig. 21 presents the two month cure 
results, and Fig 22 presents the three month cure results. After one month or more of 
curing, there is little or no appreciable difference between the mechanical strength of the 
sample without catalyst and the sample with 0.3% catalyst. The effect of the catalyst on 
mechanical strength only for about one month curing time. After one month curing, the 
catalyst did not appear to effect the mechanical strength of polyurethane concrete. 

* * * 

EXAMPLE 19 

CURING TIME AND STRENGTH WITH DIFFERENT POLYMEER CONCRETE 

MIXTURES 

Two series of concrete samples were prepared according to the procedure in 
Example 18, except the amount f resin and the aggregate composition were changed A 
first series included 0% catalyst, and a second series included 0.3% of the Cocure-55 
catalyst. The mechanical strengths of these two series of samples were determined at 
different curing times according to the test procedures described above, and then the effect 
of curing time on mechanical strength and difference of effect between these two series of 
samples was studied. 
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Concrete mixtures were prepared for both series including 82.5 parts by weight of 
aggregates consisting of 15% fine powder, 85% sand in a 50/50 mix of coarse and fine 
sand, together with 17.5 parts by weight of resin binder. The mechanical strength of both 
series was tested, as to compressive strength, splitting tensile strength, flexural strength, at 
5 24 hours curing, one week curing, two weeks curing, one month curing, two month curing, 
and three month curing. 

Fig. 23presents the mechanical strength test results. Tensile strength, flexural 
]^ strength, and compressive strength, respectively, increased from 14.4 MPa to 17.8 MPa, 
^ij 39.6 MPa to 43.6 MPa, and 64.9 MPa to 101 .8 MPa when curing time increased from 24 
111 10 hours to one month. Further increase of curing time did not cause a significantly further 
y3 increase in mechanical strength, 

J ~ The series of samples with catalyst included the same mixture as was used for the 

^ 0% catalyst series, except 0.3% by weight of the Cocure-55 catalyst was added to the resin 

|I binder. Fig. 24 presents the results. Tensile strength and compressive strength, 

15 respectively, increased from 14.4 MPa to 17 MPa and 81.3 MPa to 102.4 MPa when the 
curing time increased from 24 hours to two weeks. Further, increases of curing time did 
not cause a significant further increase in tensile or compressive strength. The flexural 
strength did not significantly increase with an increase of curing time. As such, the 
splitting tensile strength and compressive strength do not appear to be significantly 
20 affected by curing time above two weeks. Also, curing time did not significantly affect 
the flexural strength above 24 hours. 
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The soy-based polymer concrete with 0.3% catalyst cured at room temperature 

required two weeks to reach the highest mechanical strength which can be obtained from 

room temperature curing, while the soy-based polymer concrete without catalyst required 

one month to reach it. After one month room temperature curing, there was no difference 

in mechanical strength between the soy-based polymer concrete with catalyst and the 

concrete without catalyst. 

* ^ * 
EXAMPLE 20 

STRENGTH OF SOY-BASED POLYURETHANE CONCRETE 
VERSUS OTHER POLYMER CONCRETES 

In order to compare the mechanical properties of soy-based polyurethane polymer 

concrete to other polymer matrix resin based polymer concrete, four polymer concrete 

samples were prepared, respectively, based on different resin types. All samples were 

prepared in the same shape and contained the same aggregate composition consisting of 

15% by weight fine powder and 85% sand in a 50/50 mixture of coarse and fine sand. The 

resin content of each sample was 15% by weight, and the aggregate content was 85%. 

The four polymer resins included BMW soy-polyol with PAPI 2901 isocyanate without 

glycerin, BMW soy-polyol and PAPI 2901 with 5 pph glycerin, epoxy resin (88 epoxy 

resin and 87 epoxy resin hardener from Fiber Glast evelopments Corporation of 

Brookville, Ohio), and unsaturated polyester resin (Ashland Chemical 7334-T-15). After 

curing, the mechanical properties of these four polymer concrete samples were determined 
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according to the test procedures described above to obtain mechanical strength 

measurements for including splitting tensile strength, flexural strength, flexural modules, 

compressive strength, glass transition temperature, and abrasion resistance. 

Fig. 25 presents comparative results for the respective samples regarding glass 
transition temperature. These results show that soy-based polyurethane may be selectively 
adjusted to accommodate a wide range of glass transition temperatures, such that soy- 
based polyurethane without added glycerine has a glass transition temperature that is 
substantially equal to that of epoxy resin based polymer concrete. With 5pph added 
glycerine, the soy-based polyurethane has a glass transition temperature substantially 
equal to that of the polyester resin concrete. 

Fig. 26 presents comparative results for the respective samples regarding splitting 
tensile strength. The soy-based polyurethanes have the highest strengths, with the 5pph 
glycerine sample having about forty percent more strength than the epoxy resin sample, 
which had the highest strength among the non-polyurethane samples. 

Fig. 27 presents comparative results for the respective samples regarding 
compressive strength. The soy-based polyurethane with 5 pph glycerine had the highest 
compressible strength, which was about ten percent greater than the epoxy resin sample- 
strongest non-polyurethane concrete. Without added glycerine, the sop-polyurethane 
sample was as strong as the polyester resin concrete. 

Fig. 28 presents the results for flexural or bending strength. Again, the 

polyurethane sample with 5pph glycerine had the greatest strength, and exceeded the 
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strength of the epoxy resin sample by eleven percent. The strength of the soy-based 
polyurethane sample was about equal to that of the epoxy resin sample. Both of the 
polyurethane samples exceeded the polyester resin sample strength by more than one- 
hundred percent. 

Fig. 29 presents the results for flexural modulus measurements. The soy-based 
polyurethane samples performed about equally, and the strongest sample was the epoxy 
resin sample. 

Fig. 30 provides the abrasion resistance results. The soy-based polyurethane 
samples performed equally well and exceeded the performance of the epoxy resin sample. 
The polyester resin performed best of all, though it is weaker in other respects. 

EXAMPLE 21 
HYDROLYTIC STABILITY 

A series of soy-based polyurethane polymer concrete samples were prepared 
according to the procedure in Example 7 containing a resin binder comprising 15% of 
total weight of polymer concrete. The resin binder had 5 pph added glycerin. Aggregates 
comprised 85% of the total weight, and consisted of 15% fine powder and 85% sand in a 
50/50 mixture of coarse sand and fine sand. This series of samples was separated into two 
groups. One group of the samples was soaked in boiling water for 2 hours. Another 
group was used as a control that was not exposed to boiling water. Testing of mechanical 
strengths on both groups was carried out according to the procedure described above, as to 
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compressive, flexural, and tensile strengths, after a week of drying in open air. Fig. 31 

presents the results 

The mechanical strength of soy-based polyurethane concrete was decreased with 
the soaking of these samples in boiling water for 2 hours. The largest decrease occurred in 
flexural strength, which was 18% lower than the samples without soaking in boiling water. 
SpUtting tensile strength decreased 8%, and compressive strength decreased 5%. 

EXAMPLE 22 
COMPARISON OF MECHANICAL PROPERTIES 
SOY-BASED POLYURETHANE VERSUS CONVENTIONAL CONCRETE 
Four Soy-based polyurethane concretes were prepared to include 15% BMW resin 
and 85% aggregates of different composition. One composition included aggregate made 
of coarse sand in a resin without glycerine crosslinker. A second composition included 
aggregate made of coarse sand in a resin with 5pph glycerine crosshnker by weight of the 
resin. A third composition included fine sand aggregate in a resin without crosslinker. A 
fourth composition included coarse sand aggregate in a resin having 5 pph glycerine by 
weight of the resin were selected to compare mechanical properties with those of high 
strength conventional concrete. A sample of high strength concrete having lime-based 
cement was also prepared. The mechanical properties of the samples were determined 
according to the procedure described above, as to density, splitting tensile strength, 
flexural strength, compressive strength, and abrasion resistance. 
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Fig. 32 provides a density comparison. The soy-based polyurethane samples range 
in density from 2120 kg/m^ to 2180 kg/m^ which compares to 2430 kg/m^ for the 
conventional lime-based sample. Thus, the soy-based polyurethane concrete is up to 15% 
lighter than the conventional concrete. 
5 Fig. 33 presents the results for splitting tensile strength measurements. The soy- 

based polyurethane concretes all exceed the splitting tensile strength of conventional 
concrete by at least about 300% with the best polyurethane concrete (fine aggregate with 
Q crosslinker) exceeding the performance of conventional concrete by 650%. 
v3 Fig. 35 presents the results for compressive strength measurements. The soy-based 

10 polyurethane concretes all exceed the compressive strength of conventional concrete by at 
2 least about 170% with the best polyurethane concrete (fine aggregate with crosslinker) 
exceeding the performance of conventional concrete by 340%. 

Fig. 36 presents the results for abrasion resistance measurements. The soy-based 

S 5 if 

13 polyurethane concretes were less hard than the conventional concrete, but th epolyurethane 
15 samples were not so soft that their use would be precluded in the intended environment of 
use. The polyurethane samples with coarse aggregates tended to resist abrasion bertter than 
the fine aggregate samples. 

^ ^ ^ 

The foregoing results and comparative analyses provide sufficient information to 

20 permit the selection and design of soy-based polyurethane concretes according to desgin 

specifications across a wide range of possible needs. For example, design and selection 
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may be made according to tensile, compressive, and flexural strengths, as well as abrasion 
resistance, glass transition temperature, density, hardness, and curing time. Furthermore, 
sufficient information is provided to permit design choices based upon comparative 
analysis with respect to conventional concrete. Many advantages may be obtained by 
5 altering the amount of crosslinker in the resin, altering the soy-based polyol, and altering 
the aggregate composition according to the principles described above. 

Thus, there has been shown and described a novel product associated with a soy- 
based polyurethane polymer concrete, which fulfills all of the objects and advantages 
sought therefor. It will be apparent to those skilled in the art, however, that many changes, 
10 variations, modifications, and other uses and apphcations for the subject product are 

possible, and also changes, variations, modifications, and other uses and applications which 
do not depart from the spirit and scope of the invention are deemed to be covered by the 
invention which is limited only by the claims which follow. 
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